Abstract-It is well known that the CO 2 emitted by fossil energy is one of the major reasons that result in global warming. It is still an open question about how to reduce CO 2 emission by the implementation of an investment plan for clean power systems. In this paper, we propose a clean power trading method among neighboring regions such that we can reduce CO 2 emission in a large region and reduce the imbalance between the power demand and supply in a region caused by the fluctuation of clean energy. With the five states with rich wind energy in America as an example, we use the quantitative computation results of the five states (from a modeling framework designed by ourselves [3]) to show that our proposed clean power trading method can help reduce CO 2 emission and realize balance.
I. Introduction
It has been well known that fossil energy has caused serious problems to our environment such as global warming. Among all reasons that lead to temperature increasement, fossil fuels play the most important role. The estimation of Energy Information Administration [7] of Department of Energy in U.S.A. has shown that in 2006 the primary sources of energy consisted of petroleum 36.8%, coal 26.6% and natural gas 22.9%. The total of these sources represent 86.3% share for fossil fuels in primary energy production in the world. Burning fossil fuels produces about 21.3 billion tons of CO 2 every year. But, about only half of that amount can be absorbed by natural processes. Thus, there is a net increase of 10.65 billion tons of atmospheric CO 2 every year.
[10] Now, CO 2 has become one of the major greenhouse gases that contribute to global warming and it causes the average surface temperature of the Earth to rise. This can lead to some adverse effects, which include global warming, rising sea level, and higher frequency of some extreme weather events. The ecosystems are vulnerable to these climate changes. [11] As a major component of energy industry, power generation is a primary source that produces CO 2 emission. It is right time to address to address the issue to avoid the above adverse effects by replacing fossil power with clean power. Some countries have proposed some strategies to reduce CO 2 emission. For example, RPS (Renewable Portfolio Standard) [1] has been approved by 27 states and D.C. in U.S.A. It has set up a goal to realize a specified fraction of clean power in the power generation market of some states in U.S.A. by a specified future year. For example, in Minnesota, 25% power generation should come from clean energy by 2025. Different states have different goals. Thus, it is necessary to design an investment plan that would stimulate clean power development in the regions with rich renewable sources, such as wind energy in the Midwest area of America. In the plan, we should figure out how to minimize investment cost of clean power capacity expansion meanwhile meet the power demand of the region. Because of the fluctuation of renewable energy, the strategy should be able to maintain the balance of power demand and supply of a region. On the basis of the above strategy requirements, we propose our method to plan clean power generation and strategy trading .
First, we partition a region for clean power systems into sub-regions that have some clean energy sources and power demand. Each sub-region's investment plan for clean power development is modeled by a linear programming (LP) and a mixed integer linear programming (MILP) model. Because of the fluctuation of clean energy such as wind energy, some sub-regions may have surplus power and other sub-regions cannot satisfy their local power demand without fossil power capacity expansion. In this case, the clean power trading needs to be managed between sub-regions with surplus power and the sub-regions that need power to meet its local power demand. This trading mechanism not only satisfies the power demand of each sub-region, but also help reduce the CO 2 emission in the whole region. 
II. Models
In this work, we demonstrate the clean power (wind energy) trading using Midwest five states in America because this region has rich wind energy [2] . We use this region as an example to show how clean power trading can reduce CO 2 emission. In the modeling tool designed by [3], we define each state as a sub-region has its existing fossil power capacity and some potential wind energy. For each sub-region, we set up a HLM (hour level model) that is responsible for each sub-region optimization computation at hour level because the balance between power demand and power supply must be planned at hour level. We also design a YLM (year level model) that is responsible for optimization computation for fossil or clean power capacity expansion done because this kind of planning is at year level. The computation results of wind power supply in HLM are accumulated together to form the year level wind power supply, which are used to find the percentage value of the wind power supply out of the total power supply in the sub-region. The percentage value is used to compare with the specified clean power percentage value in RPS policy of the sub-region. If it is less than the value indicated by RPS, the YLM is solved to find how to do the wind power capacity expansion for the current year in the sub-region such that the RPS policy can be realized. Then, the HLM models are solved again with the new capacity expansion planned by YLM of the same sub-region. If the RPS is still not realized, the YLM model are solved again for more clean power capacity expansion. The HLM models are used to verify if RPS policy is realized. The computation models do not undertake the next year until RPS policy is realized for the current year in each sub-region.
A. Nomenclature [3] (A1) Sets and Indices :
T the set of hours in a day from 1 to 24 t t ∈ T for hour-level model, t ∈ Y for year-level model k a future hour, k ∈ T Y the set of years from 2010 to 2049 y the current year, y ∈ Y z a future year, z ∈ Y S the set of load sub-regions in Midwest area i a load sub-region i ∈ S j a load sub-region j ∈ S (A2) Objective function variables :
the total price volatility caused by the difference between power supply and power demand in S of load sub-region i in period t CO it the total CO 2 emission cost of load sub-region
the total investment cost of wind and fossil power plant capacity expansion of load sub-region i in period t.
[$] OC it the total operation and management cost of wind and fossil power plant of load sub-region i in period t. 
III. Computation Results of wind power trading
From the official websites of EIA [7] , NERC [9] and FERC [8] , we obtain the data sources about power demand, clean power fraction values of RPS policy, potential wind energy, existing fossil and wind power capacity installed before 2010.
In this section, we present the results of power trading among the five states. They trade stored wind power when the fossil power supply of some states is upperbounded by its local fossil power plant capacity and local wind power is fluctuating to low value at hour t. Moreover, the local power demand cannot be satisfied even though the stored surplus wind power has been released from its associated storage systems. The trading rule is that if a state needs to buy more power supply to satisfy its local power demand at hour t of year y, the states with more stored surplus wind power can sell this kind of power under the condition that its local power demand has been met. If the power hungry state still cannot be satisfied even though it has all stored surplus power from other states, it would be able to purchase fossil power to avoid blackout. Here, we assume that the fossil power can be purchased from a source outside the region.
We present the power trading among the five states in Table I . In the table, WB is the wind power bought by a state, SID is the state selling wind power. FB is the fossil power bought by a state, WS is the wind power sold by a state, BID is the state buying wind power and [MWh] is megawatts-hour. N/A means that no seller sells wind power to the state or no buyers buy wind power from the state. From the table I, we notice that the five states do not need to do any power trading until 2024 because they can all satisfy their local power demand by their local fossil and wind power sources. The results also show that any one of five states need not buy fossil power to avoid possible blackout. The states of ND, MN and IA are only power sellers, which means that they do not need to buy power from other states and their local fossil and wind power sources can satisfy their local power demand in the 40 years. But, NE and SD are not only power sellers but also power buyers, which means that they may need to buy wind power from other states during certain hours of a year even though they can also provide some surplus power for sale during other hours of a year. This is caused by the hour-level fluctuation of wind energy in a state. Moreover, the power trading among sellers and buyers is balanced, which means that the total power sold by sellers is equal to total power bought by buyers. For example, in 2037, the total power sold by ND, NE, SD, MN, and IA is 87, 255 MWh, which is the result of 20, 639 + 4, 997 + 652 + 29, 424 + 31, 543 MWh. The total power bought by NE and SD is also 872, 55 (6, 527 + 80, 728) MWh.
Table I also shows that FB is 0 for all five states. From this, we can see that no states need to buy fossil power and they can satisfy their local power demand and the RPS requirements at the same time. Table I shows that only SD and NE need to buy power from other states during the period. From the values of WB of SD and NE in the table, we can calculate the CO 2 emission reduction of the whole region in the 40 years. In SD, the average CO 2 emission rate is 0.492148 (ton/MWh) and in NE, the rate is 0.63639 (ton/MWh) [7] . Without wind power trading, the power bought by SD and NE will have to be generated by fossil power plants. In SD, the total CO 2 emission is the product of total power bought by SD during the 40 years and its average CO 2 emission rate, which is 1, 509, 137 MW h × 0.492148 ton/M W h = 742, 720 tons. In the same way, we obtain the result for NE, which is 3, 753, 444 × 0.63639 = 2, 388, 700 tons. These results show that wind power trading among regions can help reduce CO 2 emission (742, 720 + 2, 388, 700 = 3, 131, 400 tons) for the whole region.
IV. Conclusion
In this paper, we use the multi-function modeling tool developed by us in [3] to present the computation results about wind power trading values of five states (ND,SD,NE,MN,IA) in Midwest area of America from 2010 to 2049. A primary contribution of this paper is that we use quantitative results to show that it is possible for a state to satisfy its local power demand by trading stored wind power between each other in the case that its total fossil and wind power system cannot provide enough power to satisfy its local demand. This not only avoids the possible blackout in a sub-region but also reduce CO 2 emission in the whole region, which is caused by buying fossil power from other places or doing its local fossil power capacity expansion. The results have shown that the fossil power trading is 0 in all five states for the 40 years from 2010 to 2049. The major contribution is that our wind power trading method can help reduce CO 2 emission in the whole region. 
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